Abstract-The emergence of wind turbine systems for electric power generation can help satisfy the growing global demand. This paper proposes a control strategy to maximize the wind energy captured in a variable speed wind turbine, with an internal induction generator, at low to medium wind speeds. The proposed strategy controls the tip speed ratio, via the rotor angular speed, to an optimum point at which the efficiency constant (or power coefficient) is maximal for a particular blade pitch angle and wind speed. This control method allows for aerodynamic rotor power maximization without exact wind turbine model knowledge.
NOMENCLATURE β
Blade pitch angle (rad). 
I. INTRODUCTION
Wind energy has evolved into an attractive energy source for electric utilities, it is currently responsible for about one percent of the global electrical power production. The structure of wind turbines, as well as the fact that the wind energy rate is uncontrollable, complicates the problem of regulating the power capture. This engineering challenge has been alleviated by the construction of variable speed wind turbines, which are designed to regulate the power captured over a range of operating speeds. However, the efficiency of power regulation is dependent on the selected control method.
The standard region 2 (power capture maximization mode) control scheme used for variable speed wind turbines, ( 2 k τ ω = , where τ is the control torque, ω is the rotor angular speed and k is a control gain), has some disadvantages that can result in unsatisfactory power capture. First, the control gain k is difficult to determine due to the dependence on exact model knowledge (maximum power efficiency constant and optimal tip speed ratio). Secondly,
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the standard value of k might not provide the maximum energy capture under real world turbulent conditions. Johnson and Fingersh [1] showed via simulation that smaller values of k than the standard can result in increased power capture. They proposed a new control scheme: an adaptive control scheme that allows for maximum power capture in presence of parameter uncertainty. Similar adaptive control techniques for wind turbine control were developed in [2] and [3] .
Other wind turbine control methods like classical control techniques [4] - [7] , robust control [8] and fuzzy logic control [9] - [10] have been utilized to regulate rotor speed, regulate pitch angle and to enhance energy capture. Iyasere et al. [8] proposed a robust control strategy to control the blade pitch angle and rotor speed in a variable speed, variable pitch wind turbine in order to maximize the energy capture, without the knowledge of the optimal tip speed ratio and in the presence of model structural uncertainties.
An area of particular importance is the control of the internal generators used in wind turbines. The most commonly used generator is the induction generator; the types of which include cage, wound rotor and doubly fed induction generator (DFIG). The dynamic modeling [11] - [15] and control [16] - [23] of induction machines has been extensively researched. Thringer and Luomi [11] examined the validity of various dynamic models of induction machines to include the fifth-order Park model and other reduced order models by predicting the low frequency dynamic response of a 15 kW induction machine and comparing results to actual measurements. They concluded that the Park model accurately predicts rotor speed, electrical torque, active power, reactive power and stator current responses to perturbations in the shaft torque, supply frequency and voltage magnitude. In power system analysis, a third order model was determined to be the right fit of accuracy and simplicity. Tapia et al. [12] developed the mathematical model of a grid connected wind driven DFIG and presented a comparison of the simulation results to real machine performance results. They also developed a statorflux-oriented vector control based technique to control the generator power factor. Mullane and O'Malley [13] examined the inertial response of a squirrel cage and a doubly fed induction wind turbine generator using fifth-order induction generator models. They discovered that a DFIG utilizing field-oriented control is strongly influenced by rotor current controller bandwidth. Hu and Dawson [16] presented an adaptive partial state feedback position tracking controller for the full-order nonlinear dynamic model for an induction motor. The controller compensates for uncertainty in rotor resistance and mechanical system parameters while yielding asymptotic rotor position tracking. Pena et al. [18] describes a vector control scheme for the supply-side voltage sourceconverter of a DFIG for independent control of active and reactive power. This strategy was embedded into an optimal tracking controller in order to maximize energy capture in a wind energy application.
In this study, a control strategy is developed to regulate the rotor speed of a small variable speed wind turbine system with an induction generator. The control objective is to maximize the energy captured by the wind turbine for low to medium air speeds by tracking a desired rotor speed in the presence of system nonlinearities and structural uncertainty. Additionally, the maximization of the energy captured is achieved without the knowledge of the relationship that governs the power capture efficiency of the wind turbine. Instead, an optimization algorithm is developed to seek the unknown optimal rotor speed that maximizes the energy captured (via the aerodynamic rotor power), at a particular blade pitch angle and wind speed, while ensuring that the resulting trajectory is sufficiently differentiable. The disadvabtage of not explicitly knowing the rotor speed a priori is countered by the fact that the optimal rotor speed will change as the wind speed changes which may be accommodated for by choosing the right optimization algorithm. A robust controller is designed and proven to yield a globally uniformly ultimately bounded (GUUB) stable closed loop system through Lyapunov-based analysis.
The paper is organized as follows. In Section II, the system model and problem statement are mathematically formulated. In Section III, a robust speed tracking controller is designed and the stability analysis is presented. In Section IV, an observer is designed to estimate the system nonlinearities. In Section V, the estimate of the system nonlinearities is used to generate the rotor speed reference trajectory. Concluding remarks are presented in Section VI.
II. SYSTEM MODEL
The wind turbine model consists of a wind rotor, drive shaft and an internal induction generator. The system block diagram is shown in Fig. 1 . The aerodynamic rotor power captured by the wind turbine is dependent on the available wind power and the power coefficient, p C , which is a function of the tip-speed ratio (TSR) ( ) t λ ∈ , and the blade pitch angle, β ∈ . The rotor power of the wind turbine, ( ) aero P t ∈ , can be defined as From (1) and (2), it can be inferred that there exists a constant optimal rotor speed, * ω , for a particular wind speed, ( ), v t and blade pitch angle, , β at which the power capture efficiency, and thus the aerodynamic rotor power is 
A. Mechanical Subsystem Dynamics
The mechanical subsystem describes the rotor dynamics of the variable speed wind turbine and is assumed to be of the form 
B. Electrical Subsystem Dynamics
The standard induction machine model can be found in [24] . The model utilized in this paper is the transformed nonlinear induction machine model in the stator fixed a-b reference frame with the assumptions of equal mutual and auto inductances, and a linear magnetic circuit [19] . The electrical dynamics of the internal induction generator can be described by the following dynamic equations: (8) and (9), 1 κ and 2 κ are constants related to the motor parameters, and are given explicitly by
To facilitate control development, the following model characteristics are assumed: (5) is also unknown . 
C. Electrical Subsystem Transformation
An auxiliary control input 
III. CONTROLLER DESIGN

A. Control Objective
The objective in this paper is to maximize the aerodynamic rotor power of the wind turbine, 
Remark 3.2:
The desired rotor flux,
, ,
power loss in the system is minimized, as shown in [25] .
Remark 3.3:
To ensure equality in (22),
B. Error System Development
To quantify the stated control objective, rotor speed, stator flux and rotor flux tracking errors denoted by ( ) e t ∈ , ( ) ( ) Substituting in (18) and adding and subtracting (22) to the right hand side of (26) results in
Substituting in (24) and (25) into (27), and performing simple algebraic manipulations, results in 
where (16), (17) , and the time derivatives of (24) and (25) were utilized.
C. Control Input Design
The control inputs will be designed based on the subsequent stability analysis as well as the structure of the open loop error systems in (28) Proof: See [25] .
IV. NONLINEARITY OBSERVER DESIGN
The existence of uncertain system nonlinearities in (5) motivates the design of an observer, denoted by ( ) • 
